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Peroxins 5 and 7 are receptors for protein import into the peroxisomal matrix. We studied the involvement of these peroxins in the biogenesis of
glycosomes in the protozoan parasite Trypanosoma brucei. Glycosomes are peroxisome-like organelles in which a major part of the glycolytic
pathway is sequestered. We here report the characterization of the T. brucei homologue of PEX7 and provide several data strongly suggesting that it
can bind to PEX5. Depletion of PEX5 or PEX7 by RNA interference had a severe effect on the growth of both the bloodstream-form of the parasite,
that relies entirely on glycolysis for its ATP supply, and the procyclic form representative of the parasite living in the tsetse-fly midgut and in which
also other metabolic pathways play a prominent role. The role of the two receptors in import of glycosomal matrix proteins with different types of
peroxisome/glycosome-targeting signals (PTS) was analyzed by immunofluorescence and subcellular fractionation studies. Knocking down the
expression of either receptor gene resulted, in procyclic cells, in the mislocalization of proteins with both a type 1 or 2 targeting motif (PTS1, PTS2)
located at the C- and N-termini, respectively, and proteins with a sequence-internal signal (I-PTS) to the cytosol. Electron microscopy confirmed the
apparent integrity of glycosomes in these procyclic cells. In bloodstream-form trypanosomes, PEX7 depletion seemed to affect only the subcellular
distribution of PTS2-proteins. Western blot analysis suggested that, in both life-cycle stages of the trypanosome, the levels of both receptors are
controlled in a coordinated fashion, by a mechanism that remains to be determined. The observation that both PEX5 and PEX7 are essential for the
viability of the parasite indicates that the respective branches of the glycosome-import pathway in which each receptor acts might be interesting drug
targets.
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Peroxisomes of the protozoan parasite Trypanosoma brucei
and related kinetoplastid organisms, such as the other human
pathogens Trypanosoma cruzi and various Leishmania species,
have as a special feature that they harbour the majority of the
enzymes of the glycolytic pathway. These organelles are hence
called glycosomes [2–4]. A major part of their protein content is
comprised of glycolytic enzymes, up to 90% in the blood-
stream-form of T. brucei. Previous studies have shown that the
mislocalization to the cytosol of even a very small percentage of
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7]. Therefore, the biogenesis of the organelle has been proposed
as a target for the discovery of new trypanocidal drugs [8,9].
Apart from this unusual compartmentation of glycolysis, glyco-
somes also sequester enzymes of other metabolic processes
such as the gluconeogenic and pentose-phosphate pathways,
purine salvage and pyrimidine biosynthesis. Nevertheless,
kinetoplastid glycosomes share some biochemical functions
with mammalian, plant and fungal peroxisomes such as the β-
oxidation of fatty acids, ether-lipid biosynthesis (this latter
process does not occur in plants) and peroxide metabolism,
although catalase cannot be found in glycosomes of most
Kinetoplastida including T. brucei [10]. The organelles have in
common the presence of a single boundary membrane and the
absence of DNA. Peroxisomal/glycosomal matrix and mem-
brane proteins are encoded by nuclear genes and proteins
destined to these organelles are synthesised in the cytosol and
imported post-translationally.
Most studies on the biogenesis of these organelles have so far
been performed on peroxisomes of Saccharomyces cerevisiae,
some other yeasts (Hansenula polymorpha, Pichia pastoris,
Yarrowia lipolytica) and mammalian cells, and to a lesser extent
other organisms (Arabidopsis thaliana, Caenorhabditis elegans
and trypanosomatids). The available data indicate that the
overall process has been conserved throughout evolution, with a
number of species-specific differences [11–14]. The primary
structure of the individual proteins involved in biogenesis
(called peroxins, abbreviated PEX) varies considerably and, for
a number of peroxins, even no homologues could be found so far
in distant taxonomic groups. At present, altogether 32 peroxins
have been identified in yeasts and mammalian cells. These
proteins are involved in processes such as peroxisomal matrix
import, insertion of proteins into the peroxisomal membrane and
regulation of peroxisome proliferation.
The first step of matrix protein import is mediated by two
cytosolic receptors that are implicated in two convergent
pathways. One receptor, PEX5, belongs to the tetratricopeptide
repeat protein (TPR) family, a class of proteins with repeats of
34 residues [15]. The TPR domain comprising most of the C-
terminal half of PEX5 is responsible for its interaction with
proteins containing a type 1 peroxisome-targeting signal (PTS1)
[16]. This signal is a C-terminal tripeptide with the consensus
sequence (S/C/A),(K/R/H),(L/M). The ∼10 residues preceding
this tripeptide may to some extent affect the efficiency of
import. The other pathway starts with receptor PEX7 that
recognizes another signal, PTS2, located close to the N-
terminus of the protein. The consensus PTS2 sequence is (R/K),
(L/V/I),X5,(H/Q),(L/A). No information is available as to how
PEX7 binds PTS2 proteins. PEX7 belongs to the WD repeat
protein family, characterized by repeats of approximately 40
residues that cover almost the entire protein [17]. TPR and WD
repeats are known to be involved in protein–protein interac-
tions. A few proteins have neither a PTS1 nor a PTS2 but a
different, non-conserved, often polypeptide-internal peroxi-
some-targeting signal (I-PTS) that can interact either with PEX5
or PEX7 [18]. Alternatively, such proteins are translocated
across the membrane in a ‘piggy back’ fashion, upon interactionwith a PTS1 or PTS2 protein. Indeed, it has been shown that
peroxisomal matrix proteins can enter the organelle in a folded
or even oligomeric state [8,19–21].
Most peroxisomal and glycosomal proteins use PEX5 to
enter the organelles. Following its recognition of the PTS1, the
cargo-loaded receptor docks at the peroxisomal membrane
where PEX5, through its N-terminal half, interacts with compo-
nents of a docking complex, minimally comprising PEX13 and
PEX14. The cargo is translocated across the membrane by an as
yet poorly understood process. A plausible model is that PEX5
inserts itself into the membrane from the cytosolic side, while
undergoing a conformational change that causes release of the
cargo at the matrix side, maybe involving PEX8 [22]. After
having released their cargo, the receptors are cycled back to the
cytosol, through the action of the membrane proteins PEX15 (in
yeast) or PEX26 (in mammalian cells) and two cytosolic
ATPases of the AAA+-protein family (ATPases associated with
various cellular activities), PEX1 and PEX6. A complex of
three so-called RING-finger peroxisomal membrane proteins
(PEX2, PEX10 and PEX12) is probably involved in retrieving
the receptors (in the matrix or membrane) and delivering them
to the peroxin complex responsible for their ATP-dependent
translocation back to the cytosol, although an involvement in
the translocation step has also been proposed for these RING
finger proteins. In yeasts, the mono- or di-ubiquitylation on two
lysines of PEX5, possibly involving PEX4, has proved to be an
important step in the recycling process of PEX5 [23–26].
Only a few proteins use PEX7 to enter the peroxisome. The
PEX5 and PEX7 pathways interact, but the way in which they
do so is different between species. In mammalian cells, PEX7
binds to an insert of 37 amino acids in the N-terminal half of a
long isoform of PEX5 (PEX5L) [27]. The long and short
(PEX5S) isoforms are produced by alternative splicing. In
contrast, in yeasts and fungi, the convergence point between the
PEX5 and PEX7 pathways is the docking complex; PEX7 binds
directly to PEX14 and PEX13 [28]. Furthermore, in these
organisms, the specific interaction of PTS2 proteins with PEX7
requires auxiliary cytosolic proteins; two peroxins, PEX18 and
PEX21, in S. cerevisiae, and a single one, PEX20, in Neuros-
pora crassa and Y. lipolytica [29–31]. These auxiliary peroxins,
not found in mammalian cells and plants, seem not essential for
the interaction of PEX7 with the docking complex [30]. Also in
A. thaliana a direct interaction between PEX7 and PEX5 was
observed, rather than between PEX7 and PEX14, indicating that
in plants too PEX5 may be the convergence point between the
PTS1 and PTS2 pathways [32,33].
After docking, the PEX7-cargo complex is imported by a
still unknown mechanism and the PTS2 protein is detached
from the receptor within the matrix. Strong evidence has been
presented that the cargo-loaded PEX7 enters the lumen of the
peroxisome and is subsequently re-routed to the cytosol (‘exten-
ded shuttle model’) [34–38]. In contrast, the question whether
PEX5 enters completely the peroxisomal matrix or remains
within, or associated with the membrane is still under debate.
Previously, several peroxins involved in protein import into
the matrix of trypanosomatid glycosomes have been identified
[8]. PEX5 and PEX14 of both T. brucei and Leishmania
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actions studied [39–45]. Here we report the identification of T.
brucei PEX7, provide indications for its interaction with PEX5
and show by RNAi interference (RNAi) that both receptors are
essential for the parasite.
2. Materials and methods
2.1. Trypanosomes and growth conditions
Bloodstream and procyclic forms of T. brucei 427, cell line 449 [46], that
were used in this study constitutively express the Escherichia coli tetracycline
(Tet) repressor gene from the chromosomally integrated plasmid pHD449, also
endowing phleomycin resistance. This cell line is metabolically indistinguishable
from the wild type. Bloodstream forms were cultured in HMI-9 medium
containing 20% heat-inactivated foetal calf serum (Invitrogen) and 0.18 μgmL−1
phleomycin (Cayla) at 37 °C under water-saturated air with 5% CO2. Procyclic
trypanosomes were grown in SDM-79 medium [47] supplemented with 12%
foetal calf serum and 0.5 μg mL−1 phleomycin at 28 °C under water-saturated air
with 5% CO2. Cultures were always harvested in the exponential growth phase,
i.e., at densities lower than 2×106 cells mL−1 for bloodstream forms and 2×107
cells mL−1 for procyclic cells, by centrifugation at 700×g for 10 min.
2.2. Identification of the sequences for the trypanosomatid
homologues of PEX7
Genome databases were screened for trypanosomatid sequences homologous
to PEX7 of various yeasts and mammals, when the trypanosomatid genome
sequencing projects (T. brucei strain TREU927/4, T. cruzi strain CL Brener and
Leishmania major strain Friedlin) were still at an early stage of execution. A T.
cruzi EST, coding for 216 amino acids of the C-terminal part of a candidate
PEX7, was first identified in GenBank. The corresponding T. cruzi clone was
kindly provided by Dr. D. Sanchez (Buenos Aires, Argentina), and the DNA
fragment used as a probe to screen a genomic T. brucei 427 library prepared in
E. coli strain MB406 with phage λGEM11 at non stringent hybridization con-
ditions (56 °C; post-hybridization washes to 3× SSC, 56 °C) [48]. Positive
clones were isolated, and DNA fragments subcloned and sequenced by the
chain-termination method using T7 DNA polymerase and 35S-dATP. Protein
sequences were aligned using the program Clustal W [49].
2.3. Molecular biology methods
For most experiments in molecular biology standard methodologies were
used [50], or protocols were followed as provided by suppliers of enzymes used
for various forms of DNA and RNA manipulation (Fermentas, Roche Applied
Science, New England Biolabs, Promega, Invitrogen, TaKaRa, Novagen).
E. coli strain XL-1-Blue (Stratagene) was used for all plasmid cloning.
2.4. Construction of expression systems, purification of recombinant
proteins, and antiserum production
Full-length T. brucei PEX7 was amplified by PCR using KOD DNA
polymerase (Novagen) and using the following oligonucleotides: forward 5′-
GTACTTAACATATGCCTTCATTTG-3′ and reverse 5′-GATCTCGAGC-
TACCTGACTGG-3′. The primers correspond to the sequence of the 5′ and
3′ termini of the coding region of the PEX7 gene and contain a NdeI and XhoI
site (underlined), respectively, adjacent to the start and stop codon. The PCR
product was purified, treated with NdeI and XhoI, ligated to the vector pET28a
(Novagen) digested with NdeI and XhoI and, after a checking of the sequence,
used to transform E. coli strain BL21(DE3) cells. The plasmid directs the
synthesis of a full-length PEX7 construct with an N-terminal, 20 residues long
extension including six adjacent histidine residues (‘His6-tag’).
Cells harbouring a recombinant PEX7 plasmid were grown in 1 L LB
medium [50], supplemented with 50 μg mL−1 kanamycin at 37 °C. Once the
culture had reached an OD600 nm of 0.5–0.6, isopropyl β-D-thiogalactanopyrano-
side was added to a final concentration of 1 mM to induce the expression of therecombinant protein and growth was continued for 4 h. Cells were harvested by
centrifugation (4000×g, 15 min), resuspended in 30 mL of cell lysis buffer
containing 20 mM Tris/HCl, pH 7.6, 0.5 M NaCl, 1 mM Tris(2-carboxyethyl)
phosphine, 5 mM imidazole and a complete protease inhibitor cocktail (Roche
Applied Science). Cells were disrupted by three passages through a SLM-
Aminco French pressure cell (SLM Instruments, Inc.) at 6.9 MPa. Nucleic acids
were degraded by incubation of the lysate with 100 units of DNase (Roche
Applied Science) for 30 min at 4 °C. Cell debris and insoluble material were then
spun down (27,000×g, 30 min). PEX7 was completely insoluble (in inclusion
bodies) and its further purification was performed by resuspending the pellet in
120mL lysis buffer to which 1% sodium deoxycholate and 2M urea were added.
After rotation of the suspension during 20 min at 4 °C, it was centrifuged at
27,000×g for 20 min. This step was performed four times but no detergent was
added at the last one. The pellet was then resuspended in 2 mL lysis buffer
containing 8 M urea and agitated during several hours. When the total inclusion
body mass was solubilized, the solution was centrifuged at 85,000×g at 4 °C
during 1 h. Then the supernatant was poured on a TalonMetal Affinity Resin (BD
Biosciences-Clontech) and the suspension was mixed for 30 min at 4 °C. The
resin with bound protein was washed with six column volumes of lysis buffer
containing 10mM imidazole and 8Murea, then oncewith six column volumes of
lysis buffer containing 25mM imidazole and 8Murea, followed by elution of the
peroxin using three column volumes of the same buffer containing 250 mM
imidazole. Purity was checked by SDS/PAGE followed by Coomassie Blue
staining. The purified PEX7 was used to raise a polyclonal antiserum in rabbits
(Eurogentec).
2.5. RNA interference studies
The T. brucei specific vector pHD677 [46] was used to generate stable
bloodstream and procyclic cell lines for the Tet-inducible expression of a double-
stranded RNA of PEX5 or PEX7. Double-stranded RNAs were produced as
hairpin molecules by transcription of constructs comprising two similar
fragments of the coding regions of each gene, one somewhat longer than the
other, arranged as a direct inverted repeat. These constructs were prepared by
amplification of fragments (PEX5: a 548 bp long sense fragment and a 509 bp
long antisense one; PEX7: sense 1023 bp and antisense 974 bp), using the
following primers: for the amplification of the PEX5 gene region in the sense
orientation the forward primer 5′-CCAAGCTTATGGCGCCAGTA-3′ (corre-
sponding to gene bp 451–462; HindIII site underlined) and reverse primer 5′-
GGCCATGGCTGCAGACGCTC-3′ (corresponding to gene bp 988–999; NcoI
site underlined), for the PEX5 antisense region, the forward primer 5′-
GGCCATGGCCTGTGCCCACT-3′ (corresponding to gene bp 950–961; NcoI
site underlined) and reverse primer 5′-CCGGATCCTGGCGCCAGTAG-3′
(corresponding to gene bp 452–463; BamHI site underlined); for the PEX7 gene
region in the sense orientation the forward primer 5′-CCAAGCTTGGATTTGC-
GGGACACAGTC-3′ (corresponding to gene bp 25–43;HindIII site underlined)
and reverse primer 5′-GCGGATCCTGTCGGGGACACCTTTTGG-3′ (corre-
sponding to gene bp 1030–1048;BamHI site underlined), for the PEX7 antisense
region the forward primer 5′-GCGGATCCGGCAGGTGGAAGCTTG-3′ (cor-
responding to gene bp 982–999; BamHI site underlined) and reverse primer 5′-
GCGGGCCCGGATTTGCGGGACACAGTC-3′ (corresponding to gene bp
25–43; ApaI site underlined). The PEX5 and PEX7 sense–antisense constructs
were first built from the various PCR fragments by ligation in plasmid pGEM-T
Easy (Promega) and cloned in E. coli. The proper composition and sequence of
the various constructs were checked, before they were transferred to vector
pHD677, downstream of the Tet-inducible PARP promoter. Linearized
recombinant pHD677-RNAi plasmids were targeted for integration by homo-
logous recombination into the transcriptionally silent ribosomal RNA gene
repeat spacer of the T. brucei genome. Transfections of both forms of trypa-
nosomes, and selection of clones were performed as described previously [51].
Following transfection (done in triplicate for each DNA construct) and
selection, positive clones were stored at −80 °C in appropriate medium
containing 12% glycerol. For induction of double-stranded RNA, cells were
cultured in medium containing 1 μg mL−1 of Tet for bloodstream-form and
5 μg mL−1 of Tet for procyclic-form cells. Cultured cells were diluted daily to
2×105 cells mL−1 and 106 cells mL−1 for bloodstream- and procyclic-form
trypanosomes, respectively. Cell densities were determined using cell counting
grids (Bürker-Türk, with a depth of 0.01 mm for procyclic-form and 0.1 mm
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cell density and total dilution versus time.
2.6. Subcellular fractionation by treatment of cells with digitonin
Procyclic trypanosomes (108–109 cells) were taken from either a culture not
induced for RNAi or an induced culture, 28 and 40 h after Tet addition,
centrifuged, washed twice in an ice-cold buffer containing 25 mM HEPES, pH
7.4, 250 mM sucrose and 1 mM EDTA, and then resuspended in 0.5 mL of the
same buffer. The cell suspension was divided in aliquots each containing 100 μg
of protein and HBSS buffer (Invitrogen) was added to adjust each volume to
100 μL. Then the detergent digitonin, dissolved in dimethylformamide, was
added at a different concentration to each suspension followed by incubation for
4 min at room temperature. As controls (no release of enzymes or total release)
were taken cells which were not treated with digitonin but only with 5 μL of the
solvent and cells to which 0.5% Triton X-100 (final concentration) had been
added to assure complete release of enzymes from all compartments. After
centrifugation of the suspensions (12,0000×g for 2 min), 80 μL of the
supernatant was taken and kept on ice for Western blot analysis of proteins
released from the different cell compartments, or stored at −20 °C.
2.7. Western blot analysis
Immunoblotting was performed according to a standard procedure [52],
using a polyvinylidene difluoride membrane (Roche Applied Science). For
detection of the protein, rabbit polyclonal antisera raised against T. brucei
pyruvate kinase (PYK, antiserum used at a dilution of 1:100,000), glycosomal
glyceraldehyde-3-phosphate dehydrogenase (GAPDH, at 1:150,000), aldolase
(ALD, at 1:200,000), glycerol kinase (at 1:100,000) and triosephosphate
isomerase (TIM, at 1:100,000) were used. The secondary antibodies, anti-(rabbit
IgG) conjugated to horseradish peroxidase (Rockland Immunochemicals) were
diluted 1:20,000 and visualised with the ECL Western Blotting System, a
luminol-based system (Amersham Biosciences).
2.8. Immunofluorescence studies
Procyclic trypanosomes (106 cells) were washed twice in ice-cold
phosphate-buffered saline (PBS), pH 7.3, fixed with 4% formaldehyde in PBS
for 10 min, permeabilized by treatment with 1% Triton X-100 for 15 min and
finally incubated overnight with PBS containing 0.15 M glycine. After
spreading the trypanosomes on poly-L-lysine coated slides, they were incubated
for 45 min in PBS containing 5% BSA at 37 °C, followed by incubation in PBS
containing 2% BSA and the primary antiserum (mouse monoclonal anti-T.
brucei TIM at a 1:5,000–10,000 dilution or rabbit polyclonal anti-T. bruceiALD
at 1:1,500 and anti-T. brucei GAPDH at 1:1,500). After washing with PBS, cells
were allowed to react with fluorescein-conjugated secondary antibody (1:800
Alexa Fluor 488 anti-mouse IgG or 1:800 Alexa 568 anti-rabbit IgG and 1:1,000
TO-PRO-3 —Molecular Probes— for DNA staining), washed again and
mounted in Mowiol. Cells were visualised using a Zeiss Axiovert microscope
coupled to an MRC-1024 confocal scanning laser imaging system (BioRad).
2.9. TAP-tag protein purification
The DNA encoding the N-terminal half of T. brucei PEX5 was amplified
using Taq DNA polymerase (Fermentas) and the primers 5-ATAAGCTTATG-
GACTGCGGCGCC-3 (sense) containing a HindIII site (underlined) just
upstream of the ATG start codon and 5-TGAAGCTTACGTCTGTG-
TTGTTCTGC-3 (antisense), also with a HindIII site. The amplified fragment
of 1011 bp was ligated in plasmid pHD918 (kindly donated by Dr. F. Voncken,
University of Heidelberg), downstream of the Tet-inducible PARP promoter. A
procyclic cell line was created with the plasmid integrated in the ribosomal RNA
repeat spacer. It was selected for resistance against 50 μg mL−1 hygromycin and,
by Western blot analysis using a T. brucei PEX5 specific antiserum, for
expression of the truncated TAP-tagged protein.
Trypanosomes (3×109 cells) were collected 24 h after induction of tagged-
PEX5 expression, resuspended in 10 mL of a solution containing 20 mM
HEPES, 100 mM K-acetate, 5 mM Mg-acetate, pH 7.5, and the completeEDTA-free protease inhibitor cocktail (Roche Applied Science), and lysed by
sonication (three times for 15 s, on ice). Cell debris was sedimented from the lysate
by centrifugation (1500×g, 10min at room temperature). The supernatant was then
centrifuged at 25,000×g for 30 min at 4 °C, to remove the majority of organelles
(including glycosomes) with the pellet. To this supernatant were addedNaCl, Tris–
HCl, pH 8.0, and the detergent NP40 to final concentrations of 150 mM, 10 mM
and 0.1%, respectively. TAP-tagged complexes were purified from this suspension
according to the procedure described by Puig et al. [53]. The eluate from the column
was concentrated by ultrafiltration using Ultracel YM-10 filters (Millipore) and
proteins were subsequently precipitated with chloroform/methanol [54]. The
precipitate was resuspended in electrophoresis loading buffer and the proteins size-
fractionated by electrophoresis on 12% polyacrylamide gels in the presence of SDS
[55]. The gel was subsequently stained with colloidal Coomassie blue (Fermentas)
and protein bands excised prior to digestion with trypsin, as previously described
[56]. Tryptic peptides were analyzed by tandem mass spectrometry using a nano
ESI Ion Trap (LCQ DECA XP PLUS, ThermoFinnigan). The peptide fragmenta-
tion fingerprints were matched against the available T. brucei sequence database
using the TurboSequest within the BioWorks software package (ThermoFinnigan).
2.10. Electron microscopy
Procyclic trypanosomes (5×108–109 cells) were sampled from cultures not
induced for RNAi or at 24 and 48 h after induction by Tet addition, and
processed at 4 °C as described [57], with slight modifications. Briefly, cells were
centrifuged (770×g for 10 min), washed once with PBS, pH 7.3, pelleted again
and fixed by resuspension in 1% glutaraldehyde, 4% sucrose, 0.1 M sodium
cacodylate buffer, pH 7.4 (final concentrations). After a brief rinse in buffer,
samples were postfixed in 1% OsO4 in cacodylate buffer for 1 h, followed by ‘in
block’ staining with 0.5% uranyl acetate, in the dark for 2 h. After a final rinse in
PBS, trypanosomes were pelleted in 2% agar, dehydrated and embedded in
Spurr. Sections were stained with 1% uranyl acetate and 2.7% lead citrate at
room temperature (10 min each), and examined by transmission electron
microscopy under 80 kV (CM12, FEI-Philips).
3. Results and discussion
3.1. Cloning and sequence analysis of the T. brucei PEX7
homologue
A T. cruzi EST homologous to mammalian and yeast PEX7
was found in GenBank and used to screen a genomic library of
T. brucei strain 427. The gene was subcloned and sequenced.
The open-reading frame found codes for a polypeptide of 361
amino acids with a molecular mass of 39,734 Da and a pI value
of 8.11 (calculated using the computational tools available at
http://us.expasy.org/). After completion of our analysis, the near-
complete genome sequence of T. brucei TREU927/4 and that of
the related trypanosomatid parasites L. major and T. cruzi
became available in the GeneDB database (http://www.geneDB.
org/), and PEX7 homologues could be identified: T brucei,
accession code Tb03.28C22.1010; L. major, LmjF29.0740;
T. cruzi, Tc00.1047053503811.40 and Tc00.1047053506989.
160). Further genomic searches proved that the T. brucei
sequence analyzed was indeed orthologous with PEX7 of other
organisms. The amino acid sequences of the putative PEX7s of
the two T. brucei strains are identical. An alignment of the three
trypanosomatid sequences with those of human, A. thaliana and
different yeasts is presented in Fig. 1. The sequences of the three
trypanosomatid species are 65–76% identical to each other, but
share only 32–34 and 34–36% identity with the human and S.
cerevisiae PEX7s, respectively. PEX7 belongs to the WD
protein family that is characterized by the presence of 4–16
Fig. 1. Multiple alignment of PEX7 amino-acid sequences. Trypanosomatid sequences are compared with PEX7 sequences from other organisms. The amino acids
identical in all sequences are highlighted by a black background and positions with similar amino acids are shaded in grey. Hyphens indicate the absence of residues at
corresponding positions. The six WD repeats, as predicted by the program SMART (http://smart.embl-heidelberg.de/ [68]) are indicated by lines above the alignment
and numbered. Database accession numbers for the trypanosomatid sequences have been described in the main text. Other sequences used in the alignment, with their
accession codes for the Swiss-Prot database are: H. sapiens (O00628), S. cerevisiae (P39108), P. pastoris (O59894). The sequences were aligned with ClustalW and
the figure was produced with the program Boxshade.
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racteristic central tryptophan-aspartate dipeptide [58]. Seven or
eight-bladed β-propeller crystal structures were found for three
WD proteins, but the features responsible for binding other
proteins have not been defined as yet [59,60]. As in the pre-
viously characterized PEX7 proteins, also in the trypanosomatid
homologues six tandemly arrangedWD repeats covering almost
the entire length of the protein and preceded by a distinct N-
terminal region of∼60 residues can be distinguished. However,
very strikingly, each of the trypanosomatid proteins contains an∼40 residues long extension at the C-terminus, whereas other
PEX7s have only 5 to 10 residues. Furthermore, this C-terminal
extension is very rich in proline residues (Fig. 1).
3.2. A putative PEX7-binding box in T. brucei PEX5
In mammalian cells, the interaction between PEX7 and
PEX5 is essential for the import of PTS2 proteins in
peroxisomes, and the same has been reported for A. thaliana.
In yeasts and fungi, PEX7 interacts with PEX18/PEX21 or with
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Dodt et al. [62] identified a short region with a common
sequence motif in various PEX7-binding proteins: S. cerevisiae
PEX18 and PEX21, Y. lipolytica and N. crassa PEX20 and the
long form of PEX5. In mammals two isoforms of PEX5 are
present. The short isoform (PEX5S) is only involved in PTS1
binding, whereas the long one (PEX5L) can bind PEX7 and so
mediate import of PTS2 proteins. The two isoforms differ by an
insertion of 37 amino acids in the N-terminal domain of PEX5L
(Fig. 2; see the dotted line underneath the alignment). Otera et
al. [27] have shown that part of this insertion together with a few
residues upstream are essential for PEX7 binding (Fig. 2; see
the line above the alignment). Moreover, the sequence motif
was also found in A. thaliana PEX5 [33]. It likely represents a
PEX7-binding box. A similar putative PEX7-binding box could
also be found in the N-terminal half of PEX5 of the three
trypanosomatids, in the T. brucei protein between amino acids
220 and 255 (Fig. 2), just downstream of the second of three
WXXXF/Y motifs [41], suggesting that also in trypanosomatids
the PTS1 and PTS2 pathways converge by interaction of PEX7
with PEX5, as in mammalian and plant cells. Indeed, when a
TAP-tagged N-terminal half of PEX5 (residues 1–337) was
expressed in procyclic trypanosomes and purified from a
cytosolic cell fraction prepared as described in Section 2.9, it
appeared to be associated with other proteins; in two
independent experiments, one major band with an apparent
mass of approximately 44 kDa and several faintly Coomassie-
blue stained bands were detected upon SDS-PAGE (Fig. 3).
After purification, the major band could be identified as PEX7
by mass spectrometry. Two tryptic peptides (A and B in Fig. 3)
were found in both experiments while a third peptide (C) was
also identified in one of them. The minor bands did not yield
sequences corresponding to known polypeptides (some are
annotated as hypothetical proteins in the T. brucei sequence
database) and further analysis will be required to assess their
involvement in glycosome biogenesis.
3.3. PEX5 and PEX7 are essential in both bloodstream and
procyclic trypanosomes
To prove the involvement of the identified PEX7 homologue
in glycosome biogenesis and to study in more detail the firstFig. 2. PEX7-binding box. Sequence similarities between T. brucei PEX5 (residue
PEX5L (203–254), A. thaliana PEX5 (308–359), Y. lipolytica PEX20 (270–324), N
272). The amino acids identical in all sequences are highlighted by a black backgroun
absence of residues at corresponding positions. The line above the alignment marks th
underneath indicates the region of human PEX5L that is absent from the short isofosteps of glycosomal matrix protein import, the cellular levels of
this protein and that of PEX5 were knocked down by RNAi. To
this end, plasmid constructs were prepared for expression of
double-stranded RNA corresponding to major parts of the
mRNAs of both genes, as described in Section 2.5. Linearized
plasmid DNA, constitutively expressing the hygromycin-
resistance marker gene, was stably integrated into a transcrip-
tionally-silent region of the genome of both bloodstream-form
and procyclic-form trypanosome cell lines. RNAi was induced
by the addition of Tet to the cultures, resulting in the depletion
of the targeted peroxins from the trypanosomes.
PEX5 became undetectable by Western blotting in blood-
stream- and procyclic forms, respectively 24 and 40 h after
induction of its RNAi-mediated knockdown, while the levels of
triosephosphate isomerase (TIM) or aldolase (ALD), used as
control proteins, were not affected (Fig. 4A and C). Growth of
bloodstream-form trypanosomes was affected within 24 h after
induction of PEX5 depletion. The number of live cells first
decreased, but growth resumed four days after induction (Fig.
5A). This phenomenon has been frequently observed before,
also for PEX6, 10, 12 and 14 RNAi cell lines, especially for
bloodstream trypanosomes, and is attributed to the appearance
of revertants that escape RNAi control [42,51,63]. Indeed,
PEX5 was again detectable in these cells (Fig. 4C). For the
procyclic form, the effect of a decreased PEX5 expression
seemed initially less severe, as an effect on growth was only
visible 48 h after induction (Fig. 5B). But subsequently,
trypanosomes died rapidly. This different sensitivity for RNAi
against PEX5 between procyclic and bloodstream-form trypa-
nosomes could be explained by the difference in metabolism
between both life-cycle stages. Indeed, for the procyclic form
glycolysis is less important and so the metabolic consequences
of a defect in glycosomal enzyme import may be sensed less
rapidly [8,51].
The effect of RNAi against PEX7 on growth and viability of
procyclic forms was similar to what had been observed with
PEX5-RNAi cells: within the first 24 h of induction hardly any
change in growth rate occurred, but after 24 h parasites
gradually died. For the bloodstream form, the effect of knocking
down PEX7 became apparent between 24 and 48 h. However,
contrary to the situation with PEX5-RNAi the number of
trypanosomes did not decrease but remained constant fors 218–274), T. cruzi PEX5 (229–285), L. donovani PEX5 (193–249), human
. crassa PEX20 (333–387), S. cerevisiae PEX21 (224–273) and PEX18 (220–
d and positions with similar amino acids are shaded in grey. Hyphens indicate the
e putative PEX7-binding box as described by Otera et al.[27] and the dotted line
rm HsPEX5S [69].
Fig. 3. Identification of PEX7 in a complex with the TAP-tagged N-terminal half of PEX5, purified from a cytosolic fraction of procyclic trypanosomes. Proteins of the
purified complex were size-fractionated by SDS-PAGE and stained with Coomassie blue (upper panel; left lane, molecular mass markers in kDa; right lane, proteins of
purified complex). Mass spectrometry analysis of the band indicated resulted in the identification of three PEX7-specific tryptic peptides of which the sequences and
positions in the primary structure are indicated in the lower panel.
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microscopic inspection no dying cells were seen. After 6 days of
induction, the population density increased again, due to the
development of RNAi-insensitive revertants. Indeed, in blood-
stream-form cells a disappearance of PEX7 was observed by
Western blotting when cells were induced for 48 h, but the
peroxin was again detectable in lysates prepared from cells that
had reverted to the RNAi-insensitive growth phenotype (Fig.
4D). Also in procyclic trypanosomes PEX7 became undetect-
able after 48 h of induction (Fig. 4B). The level of pyruvate
kinase (PYK) remained stable throughout the duration of the
experiments (Fig. 4B and D).Fig. 4. RNAi-induced depletion of PEX5 or PEX7 from T. brucei cells as
determined by Western blotting. (A) PEX5-RNAi, procyclic trypanosomes
collected 40 h after induction by tetracyclin (−Tet are non-induced cells and +Tet
are induced cells); (B) PEX7-RNAi, procyclic trypanosomes collected after 48
or 72 h of induction; (C) PEX5-RNAi, bloodstream-form trypanosomes
collected 24 h after induction and trypanosomes reverted to an RNAi-insensitive
phenotype; (D) PEX7-RNAi, bloodstream-form trypanosomes collected 48 h
after induction and trypanosomes reverted to an RNAi-insensitive phenotype.3.4. PEX5 and PEX7 are required for import of PTS1, PTS2
and I-PTS proteins
The procyclic and bloodstream-form T. brucei RNAi cell
lines were subsequently used to assess the role of PEX5 and
PEX7 in glycosomal import of various metabolic enzymes
having either a PTS1, PTS2 or I-PTS. To this end the effect of
RNAi on the subcellular distribution of enzymes containing
such targeting signals was determined. Procyclic cells were
collected 40 h after induction of PEX5 depletion when growth
was clearly affected but the result of RNAi apparently not yet
too detrimental, since most trypanosomes were still alive. In
bloodstream-form samples taken 16 or 24 h after induction of
RNAi for PEX5, no differences in enzyme compartmentation
were observed between wild-type, non-induced and induced
cells (data not shown), suggesting that the surviving, induced
trypanosomes were possibly not representative. The inability
to detect in such samples cells with mislocalized glycosomal
enzymes has previously been explained by the notion that
bloodstream forms – which in contrast to procyclics rely
entirely on glycolysis for their ATP supply – do not tolerate
even a slight mislocalization of glycosomal enzymes [5,6], and
that the samples taken are possibly a mixture of not-yet
affected cells, dead cells and live, affected cells which were so
fragile that they lysed during centrifugation [42,64]. The
measured decrease in PEX5 level (Fig. 4C) seems to argue
against this explanation, but the possibility will be further
discussed below (at the end of Section 3.5). For PEX7
depletion, procyclic trypanosomes were collected 28 h after
induction for RNAi, bloodstream forms after both 28 and
48 h. For these bloodstream-form cells, in which RNAi
affected growth much less dramatically than when PEX5 was
targeted (see Fig. 5), similar observations were made on the
subcellular enzyme distribution at both time points; therefore,
only the results obtained 48 h after induction will be
presented.
Fig. 5. Growth curves for bloodstream (left panel) and procyclic form (right panel) trypanosomes showing the effect of RNAi-induced depletion of PEX5 (panels A
and B) and PEX7 (panels C and D) RNAi. Each graph displays the growth curves for wild-type cells (▪), not containing a construct for production of double-stranded
RNA, non-induced cells (●) that contain a construct, and cells with a construct induced for RNAi by the addition of tetracycline (♦). Determination of the growth
curve was started at a cell density of 2×105 for bloodstream forms and 1×106 for procyclic forms. Cell counts were made every day, followed by diluting the culture to
the starting density with addition of new tetracycline to induced cells. Graphs show the 10log values of cumulative cells numbers.
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cell fractionation based on the treatment of trypanosome
samples with different concentrations of digitonin. This
detergent permeabilizes membranes by forming insoluble
complexes with their sterols. The sterol content differs between
plasma membrane, glycosomal and mitochondrial membranes.
At low digitonin concentrations only the plasma membrane will
be affected, leading to release of cytosolic proteins. When the
concentration is increased, also glycosomal and subsequently
mitochondrial contents too will be released.
Fig. 6A and B show the release of glycolytic enzymes from
digitonin-treated procyclic trypanosomes induced for RNAi to
deplete PEX5 and PEX7, respectively. The cytosolic protein
PYK is released from wild-type (not shown) and non-induced
cells at the same, low concentration of 0.05 mg digitonin
(mg of protein)−1, only sufficient to affect the integrity of the
plasma membrane. Glyceraldehyde-3-phosphate dehydrogen-
ase (GAPDH), ALD and TIM are all present inside glycosomes
and therefore are released from wild-type (not shown) and non-
induced cells only after the disruption of the glycosomal
membranes at a five-fold higher digitonin concentration [about
0.25 mg (mg of protein)−1]. From induced cells a considerable
part of the PTS1 protein GAPDH was released already at a
concentration sufficient to release the cytosolic PYK [around
0.05 mg digitonin (mg of protein)−1]. This occurred irrespective
of whether PEX5 or PEX7 was depleted. A similar observationwas made for another PTS1 protein, glycerol kinase (not
shown). Similar to the PTS1-containing proteins, also part of
the PTS2-bearing ALD was released at low detergent
concentration together with the cytosolic marker PYK upon
RNAi induction and this too occurred in both the PEX5- and
PEX7-RNAi cell lines. At present, it is not known how TIM
enters the glycosomes. This may occur either via “piggy
backing” on a PTS1 or PTS2 protein or via a direct interaction
with PEX5, PEX7 or PEX14. Interestingly, when RNAi was
induced, whether this was for the receptor of the PTS1 or PTS2
pathway, in both cases most of the protein was already released
at low digitonin concentration [0.05–0.1 mg digitonin (mg of
protein)−1] together with PYK. This suggests that in order to be
able to enter glycosomes, also TIM needs the presence of
functional PTS1 and PTS2 pathways.
In PEX7-RNAi experiments with bloodstream-form trypano-
somes a major difference was observed compared to the results
obtained for the procyclic form. A glycosomal localization of the
PTS1 protein GAPDH and the I-PTS protein TIM was not only
found in non-induced cells, but retained in cells induced for 24 or
48 h (Fig. 6C). Similarly for the PTS1 protein glycerol kinase
(not shown). In contrast, the PTS2 protein ALD was clearly
mislocalized to the cytosol. The control PYK is under all
conditions present in the cytosol. It should be noted that the
samples analyzed were taken from cultures at a time when the
PEX7 level was severely reduced but the cell numbers were still
Fig. 6. Effect of RNAi-induced PEX5 or PEX7 depletion on the subcellular distribution of glycolytic enzymes of T. brucei, analyzed by digitonin-dependent cell
fractionation. Trypanosomes were incubated with the digitonin concentrations as indicated. The release of enzymes from the cells was determined after centrifugation
of the digitonin-treated cell suspensions and the preparation of Western blots of the proteins in the resulting supernatants. (A) Procyclic-form, PEX5-depleted cells 40 h
after induction of RNAi; (B) PEX7-depleted procyclic cells 28 h after induction of RNAi; (C) PEX7-depleted bloodstream-form cells 48 h after induction of RNAi.
−Tet panels show data obtained with non-induced cells, +Tet with induced cells. The highest concentration of digitonin used resulted in a similar extent of protein
release as 0.5% Triton X-100 (not shown) that is known to dissolve all membranes.
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numbers of bloodstream-form cultures in which the RNAi was
induced against PEX5 were already decreasing when samples
were taken at 16 and 24 h after induction (Fig. 5A) for mea-
surement of the PEX5 level (Fig. 4C) and enzyme localization
studies (see above, the first paragraph of this section).
To search confirmation for the results obtained by the
digitonin-titration experiments, the RNAi-caused alterations in
subcellular localization of glycosomal enzymes were also
studied by immunofluorescence microscopy. Wild-type trypa-
nosomes, non-induced cells and cells 24 and 48 h after induction
for RNAi against PEX5 or PEX7 were collected. Reproducibly,
in several independent experiments, a punctuate pattern
characteristic of glycosomes was observed in wild-type and
non-induced procyclic cells for ALD (glycosomal PTS2 protein)
and TIM (glycosomal I-PTS protein) (Fig. 7A, triple labelling;
ALD and TIM in red and green, respectively; blue represents
DNA labelling by TO-PRO). The merge picture shows that TIM
and ALD co-localize inside glycosomes. Within 24 h after
induction of RNAi against PEX5 or PEX7 the typical punctuate
aspect was largely replaced by a staining throughout the entire
body of the procyclic parasite, indicating that a considerable
fraction of both enzymes had been relocated to the cytosol (not
shown). After 48 h, the relocation of TIM and ALD to the
cytosol, as a result of knocking down the expression of PEX5 or
PEX7, was even more dramatic; the merge picture shows a faint
and diffuse colocalization of the two proteins (Fig. 7B and C). In
independent experiments, punctuate patterns were also observed
with anti-GAPDH (a PTS1 protein) in wild-type cells and non-
induced procyclic forms and a diffuse staining in cells induced
for 24 and 48 h (not shown). These observations thus confirm the
results obtained byWestern blot analysis performed on fractions
obtained after digitonin titration.
For bloodstream trypanosomes too immunofluorescence
microscopy was carried out using wild-type and non-inducedcells as well as cells 24 (not shown) and 48 h after induction for
RNAi against PEX5 or PEX7. While in control and non-
induced cells TIM and ALD colocalize inside glycosomes,
induction of RNAi against PEX5 or PEX7 did not change the
typical punctuate aspect for TIM, but heterogeneity between
parasites was observed for ALD (Fig. 8-1). In some trypano-
somes the punctuate pattern is still visible (Fig. 8-1B and -1C,
panels a), but in others this pattern was replaced by a staining
throughout the entire body of the parasite indicating that a part
of the enzyme had been relocated to the cytosol (Fig. 8-1B and
-1C, panels b). The heterogeneity of the population of
bloodstream trypanosomes could possibly be attributed to the
presence of revertants in the culture. In contrast, experiments
with anti-GAPDH yielded a punctuate staining pattern in both
wild-type and non-induced cells (Fig. 8-2), and a cytosolic
staining with dots colocalizing with TIM after induction of
RNAi targeted against PEX5 or PEX7 (Fig. 8-2B and -2C). The
immunofluorescence data obtained for TIM and ALD confirm
the results obtained by Western blot analysis of cell fractions
prepared by digitonin titration, but the data with GAPDH differ.
A possible explanation is that a low amount of GAPDH is
retained in the cytosol after RNAi induction and is well detected
by the specific antiserum used in the fluorescence microscopy
of cells, but not under the very different assay conditions
applied for Western blots. The amount of specific protein to be
detected in both kinds of experiments, and the optimal dilution
of antisera used to obtain specific signals, differ largely (see
Sections 2.7 and 2.8) and may thus complicate the comparison
and interpretation of the data. Yet, it should be mentioned that
indeed some GAPDH could also be detected in the cytosolic
fraction of the digitonin-treated PEX-depleted cells after long
(40 min instead of the regular period of approximately 5 min)
exposure of the ECL Western blots.
The results presented above indicate that, in procyclic cells,
depletion of the PTS1 receptor PEX5 does not only result in
Fig. 7. Effect of RNAi-induced PEX5 or PEX7 depletion in procyclic-form T. brucei on the compartmentation of glycosomal enzymes, as determined by
immunofluorescence microscopy. (A) Wild-type cells; (B) Procyclic trypanosomes non-induced or induced for RNAi against PEX5; (C) Procyclic trypanosomes non-
induced or induced for RNAi against PEX7. ALD is labelled in red, TIM in green, and DNA in blue. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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and conversely, knockdown of the PTS2 receptor affects also
the localization of PTS1 and I-PTS proteins. To eliminate the
possibility that the mislocalization of proteins with different
targeting signals does result from a nonspecific effect on the
integrity of glycosomes, we checked the morphology of the
organelles by electron microscopy of procyclic trypanosomes;
PEX5- or PEX7 depleted cells were compared with wild-type
trypanosomes. Fig. 9A shows a typical wild-type trypanosome
with a large cluster of glycosomes (vesicles of uniform size with
a single membrane and homogeneous, moderately electron-
dense matrix content). Similar organelles were observed in non-
induced cells containing the construct for RNAi against PEX5
(Fig. 9B). In cells of the same clone, at 24 h after RNAi in-
duction, glycosomes of normal appearance were still abundant
(Fig. 9C). At 48 h after induction, many cells were lysed and
trypanosomes with an altered shape and containing apoptotic
bodies indicative of impaired functional state were frequently
noticed (not shown). However, apparently intact glycosomes
with a comparable matrix were still observed in surviving cells
(Fig. 9D), indicating that mislocalization of glycosomal
enzymes observed by digitonin fractionation was likely due
to the failure to import new proteins rather than organelle
damage. Similar observations were made for the PEX7-RNAi
cell line, with glycosomes well visible in non-induced cells and
cells induced for 24 h (Fig. 9E and F), but extensive lysis after
48 h with apparently normal glycosomes in the intact cells
(Fig. 9G).3.5. Steady-state levels of PEX5 and PEX7 are linked
The finding that PEX5 depletion has not only an effect on the
compartmentation of PTS1 proteins but also PTS2 proteins is not
unexpected, based on the strong indications that T. brucei PEX7
binds to PEX5 (Figs. 2 and 3). Presumably, such binding is
required for docking. Similar observations have been made in A.
thaliana, where PEX5 was shown to be involved in import of
both PTS1 and PTS2 containing proteins [32,33]. Similarly, the
finding that, in bloodstream-form T. brucei, PEX7 depletion
affects the localization of PTS2-containing proteins but not
PTS1 proteins corresponds with the observation made in the
plant. In contrast, PEX7 knockdown in procyclics resulted in an
altered distribution of both PTS2 and PTS1 proteins, and the I-
PTS protein TIM. Our electron microscopic analysis does not
give any indications that the result obtained in procyclics should
be attributed to a nonspecific effect on the integrity of the gly-
cosomal membrane. Moreover, it would be difficult to imagine
why such an effect would only occur in one life-cycle stage.
A likely explanation was obtained when the levels of PEX5
and PEX7 were simultaneously measured in the RNAi cell lines.
Fig. 10 shows that not only induction of RNAi for PEX7, but
also for PEX5 resulted in the disappearance of PEX7 from both
procyclic (panel A) and bloodstream-form (panel B) cells. In
bloodstream cells in which the PEX5-RNAi phenotype had
reverted, PEX7 too reappeared (panel B). Three bands were
detected by the T. brucei PEX5 antiserum, the upper one, that is
most probably an active form of PEX5, disappeared in procyclic
Fig. 8. Effect of RNAi-induced PEX5 or PEX7 depletion in bloodstream-form T. brucei on the compartmentation of glycosomal enzymes, as determined by
immunofluorescence microscopy. (1-A) Wild-type cells; (1-B) Trypanosomes non-induced or induced for RNAi against PEX5; (1-C) Trypanosomes non-induced or
induced for RNAi against PEX7. ALD is labelled in red, TIM in green, and DNA in blue. (2-A)Wild-type cells; (2-B) Trypanosomes non-induced or induced for RNAi
against PEX5; (2-C) Trypanosomes non-induced or induced for RNAi against PEX7. GAPDH is labelled in red, TIM in green, and DNA in blue. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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trypanosomes (panel D), irrespective of whether PEX5 or PEX7
was targeted by RNAi. No changes were observed for the faint
intermediate band; in contrast, the intensity of the lower band
appeared variable upon induction of RNAi, especially in the
bloodstream form; in some experiments it increased, as in the
RNAi experiments shown in Fig. 10D. Similarly low intensities
for this band were seen in wild-type cells and non-induced cells
containing a PEX7-RNAi construct, but its level increased
significantly upon RNAi induction and returned again to a basal
level in an RNAi-insensitive revertant. In contrast, in PEX5-
RNAi construct-containing cells the level of this band was
increased when compared to wild-type cells, not only after
induction, but also in non-induced cells and revertants. This has
probably to be attributed to some transcriptional leakage in the
absence of induction, a phenomenon already previously
reported for the inducible expression system employed [65].
At present, it is not known whether this fastest-migrating form isa functional receptor, a processed form of a PEX5 represented
by the upper band in the gel, or a degradation product of it, but
the fact that its level is often increased in cells where
glycosomal matrix enzymes are (partially) present in the cytosol
and growth retarded suggests that it is a non-functional form
derived from a functional form corresponding to the slowest-
migrating band. In all these experiments, levels of control
proteins (glycolytic enzymes) were not affected (Fig. 10, and
see also Fig. 4). Together, these results strongly suggest that the
steady-state levels of both receptors are controlled in a
coordinated fashion. The mechanism of this control is at present
unknown.
It remains to be understood why, in bloodstream-form trypa-
nosomes, no mislocalization of PTS1 proteins could be
observed by Western blot analysis of cell fractions upon
depletion of PEX5, in contrast to a clearly detectable retention
of PTS2 proteins in the cytosol when PEX7 was targeted
by RNAi. Similar failures to determine mislocalization of
Fig. 10. Western blot analysis of PEX5 and PEX7 in cells in which RNAi was induced against PEX5 or PEX7. (A) Detection of PEX7 and aldolase in the procyclic
form wild-type cells, non-induced cells and cells induced for 24 or 48 h; (B) Detection of PEX7 and glycerol kinase in the bloodstream form wild-type cells, non-
induced cells and cells induced for 24 or 48 h and revertants; (C) detection of PEX5 and TIM in the procyclic form wild-type cells, non-induced cells and cells induced
for 24 or 48 h; (D) detection of PEX5 and TIM in the bloodstream form wild-type cells, non-induced cells, cells induced for 24 or 48 h and revertants.
Fig. 9. Electron microscopy of procyclic trypanosomes. (A)Wild-type cells with clusters of glycosomes as light-grey stained vesicles at the left side of the nucleus; (B–
G) Glycosomes of representative cells from different cultures; B, a non-induced PEX5 RNAi culture; C, PEX5 RNAi cell induced for 24 h; D, PEX5 RNAi cell
induced for 48 h; E, non-induced PEX7 RNAi cell; F, PEX7 RNAi cell induced for 24 h; G, PEX7 RNAi cell induced for 48 h. Abbreviations: Nu, nucleus; Fl,
flagellum. Gl, glycosome (and arrows); Mi, mitochondrion; Go, Golgi apparatus; Li, lipid droplet; Ly, lysosome. Scale bars: 0.5 μm.
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with bloodstream-form cell lines in which other peroxins were
targeted by RNAi (PEX2, 6, 10, 12 and 14) – all supposed to be
involved in import of both PTS1 and PTS2 proteins – whereas
no such difficulties were encountered for the corresponding
procyclic cell lines [42,51]. The problems were attributed to the
non-viability and lysis of bloodstream cells when even a minute
proportion of a glycosomal enzyme is relocated to the cytosol,
as earlier shown for phosphoglycerate kinase and TIM
[5,6,42,51]. It was therefore assumed that the observed correct
subcellular distribution of enzymes resulted from merely
analyzing surviving cells, in which RNAi had not yet been
induced or not yet led to an import arrest of glycosomal matrix
proteins, or reverted mutant cells. Indeed, cells in samples from
bloodstream-form cultures targeted for depletion of different
peroxins appear to be fragile and to lyse easily. Surprisingly, in
the present study a mislocalization of glycosomal GAPDH, 24
and 48 h after induction of RNAi for PEX5 or PEX7, could
clearly be detected by immunofluorescence microscopy, but not
or barely by Western blot analysis. As described above (Section
3.4), we attribute this to the different characteristics of the two
detection methods and assume that indeed a very low amount of
glycosomal GAPDH, only sufficient to be reliably detected by
the former method, was retained in the cytosol after depletion of
the peroxins. Such a low amount of this enzyme may not be too
detrimental, because the trypanosome is known to contain also a
considerably different, but active GAPDH isoenzyme in the
cytosol of both bloodstream and procyclic forms [48,66].
Therefore, the immunofluorescence data obtained for GAPDH
are not necessarily in conflict with the notion that mislocaliza-
tion of (other) glycosomal enzymes is toxic to the bloodstream-
form cells. It should be mentioned that the antiserum against
the glycosomal GAPDH does not react with the cytosolic
isoenzyme.
The fact that in this study Western blots could be prepared
from cells in which PEX5 and PEX7 were severely decreased
whereas the levels of control proteins remained constant, and
that mislocalization of PTS2 proteins (and – only at long
exposure times – also some very little retention of the PTS1
protein GAPDH in the cytosol) could be seen in RNAi-PEX7
induced bloodstream-form cells, suggests that PEX5 is in
excess in bloodstream-form trypanosomes and that the analysis
was done with cells in which the threshold level at which PEX5
becomes limiting for protein import into the glycosomal matrix
had not been reached yet. Possibly, bloodstream-form trypano-
somes will die as soon as the threshold is reached, and
consequently slight amounts of some glycosomal enzymes are
retained in the cytosol causing severe disruption of the
glycosomal energy metabolism and cell viability [5,6,8,67].
PTS2 mislocalization is probably less problematic, because the
first enzyme of glycolysis, hexokinase, is a PTS2-protein. Its
mislocalization will not affect crucial reaction stoichiometries
inside the glycosome. Activity of hexokinase in the cytosol
might only be problematic if also the next glycolytic enzymes
are relocated to the cytosol, and form a cytosolic glycolytic
shunt without flux regulation by feedback loops and allosteric
regulation [8,67]. The next two enzymes of the pathway areglucose-6-phosphate isomerase and phosphofructokinase, both
PTS1-proteins. So possibly the enzyme distribution was
assayed under conditions where PEX7 was limiting the gly-
cosome biogenesis and PEX5 not (yet). This notion is supported
by the observation (Fig. 10D) that some putatively functional
PEX5 (the slowly migrating band) is still present in blood-
stream-form cells 48 h after induction of RNAi against PEX7,
whereas this was not the case in procyclic PEX7 RNAi induced
cells (Fig. 10B), where PEX5 had already become undetectable
after 24 h. Similarly, cytosolic mislocalization of ALD, the only
other glycolytic PTS2 protein, would also only be a problem if it
exerts a drain on glycosomal metabolites and so affect
glycosomal metabolite balances. Such drain is only expected
if the reaction of the mislocalized aldolase would be coupled to
other enzymatic reactions in the cytosol. Again, as long as
PEX5 is not rate-limiting in the organelle's biogenesis and
PTS1 proteins are correctly compartmentalized, this would not
be the case. In procyclics, the consequences of mislocalization
of PTS1 and PTS2 proteins for the energy metabolism and via-
bility are less acute, because of the more elaborate, branched
metabolic network [8,67].
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